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terization of the  intermediate assemblies by  isotope‐edited  IR and solid‐state NMR reveal unexpected strand orientation 
intermediates and suggest new nucleation mechanisms in a progressive assembly pathway. 









Figure 1. Strand conformations of AE(16-22)E22L peptide showing positions of charged lysine (blue) residues. Electrostatic repulsion is 
attenuated in anti-parallel peptide orientation. Out-of-registry strands place the bulky valine packed with the less bulky alanine. Arrows 
indicate valine (red)-alanine (brown) cross-strand pairing.  
Simulation9‐14 and emperical15‐22 analyses of Aβ(16‐22) assembly are  consistent with an  initial  solvation  free energy‐
driven oligomerization to a particle phase. We reasoned secondary structure  formation within the  less hydrated peptide 
particle phase22‐24 may explain  the observation  that Aβ(16‐22)E22L, Ac‐16KLVFFA22L‐NH2, matures with antiparallel strand 
orientations.19 Electrostatic  repulsion between  lysine  side  chains would  select against  charged N‐terminal  lysine  residue 
proximity in parallel strands (Fig. 1) during nucleation.  
Given that anti‐parallel out‐of‐register alignment in Aβ(16‐22)E22L is directed by the preference of the bulky valine side 








tide dissolution and  the FT‐IR amide‐I stretch centered at 1625 ± 1 cm‐1  indicates β‐sheet assembly  (Fig. S1).  In contrast 







Figure 2. Time dependence of the assembly of 1 mM AE(16-22)E22Q at acidic pH in 20% CH3CN containing 0.1% TFA monitored by 
TEM (A,B) and isotope-edited IR analysis (C,D) using [1-13C]F19 AE(16-22)E22Q assemblies. (A) After 1 hour, wide ribbons (up to 40 
nm) are observed, in contrast to (B) the 11.6 ± 1.2 nm fibers present after 20 days. (C) Dashed lines indicate positions of glutamine side 
chain, 12C and 13C amide-I band positions in mature fibers. (D) 12C/13C splitting (black) and relative peak height (red) for assemblies col-

















Figure 3. β-sheet registry in Aβ(16-22)E22Q assemblies. (A) Cartoons showing positions of 13C (green) enriched residues in various E-
sheet registries. (B)Determination of peptide registry with 13C-13C distance measurements between leucine backbone carbonyls of 1 mM [1-
13C]L17 Aβ(16-22)E22Q assembled as fibers with 13C DQF-DRAWS NMR pulse sequence. Data points are peak intensity for double-
quantum buildup divided by total 13C signal intensity. Best fit to DQ buildup (black line) is with a 4.7 Å 13C-13C distance. (C) Aβ(16-
22)E22Q parallel β-sheet registry. For clarity, non-polar hydrogen atoms are not displayed but the lysine (blue) and glutamine (gold) tracts 
are highlighted. 




40 cm‐1 and  the diagnostic antiparallel band at ~1695 cm‐1  (Table S1 & Fig S10D)  support  the  same one‐residue out‐of‐
register antiparallel  β‐strands. Unlike Aβ(16‐22)E22Q, no distinct  IR band at 1677 cm‐1 diagnostic  for ordered glutamine 
sidechains  is apparent  in the N5,N5‐dimethylated glutamine peptide assemblies. In contrast, the mono‐methylated Aβ(16‐
22)E22QNHCH3 peptide assembles as fibril bundles (Fig S10B) with individual widths ranging from 7 nm in a single fiber to 
bundles  containing  up  to  five  twisted  fibers  (Fig  S11).  Time‐dependent  IR  spectra  of  assembling  [1‐13C]F19  enriched 
monomethyl peptides (Fig S12) reveals a similar early antiparallel orientation that also transitions to parallel with growth of 
the glutamine side chain band at 1677 cm‐1, but the spectra are most consistent with the mature assemblies containing a 






Figure 4. Time dependence of AE(16-22)E22Q assembly upon seeding with 1% preformed AE(16-22)E22Q fibers. FT-IR spectra  of 13C 
amide-I band of 0.8 mM [1-13C]F19 Aβ(16-22)E22Q seeded with mature [1-13C]F19 Aβ(16-22)E22Q. 13C band positions for anti-parallel 







Figure 5. Model for the progressive transitions observed for AE(16-22). Paracrystalline forms emerge under these conditions as ribbons 
with antiparallel out-of-register E-strands. A subsequent transition to fibers is observed with parallel in-register strands. In cartoons, blue 
represents lysine residues and orange represents glutamine residues. 
Simulations of propagation find that the growing fiber ends can accept strands with altered orientations,13 and  in the 







Like  many  materials,44  these  minimal  amyloid  peptides  experience  the  competing  tensions  of  thermodynamically‐
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